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Introduction
Glycerophospholipids form the key structural component of biological cell membranes.
These membranes not only separate the cell from the external environment but also form organelles within the cell providing specialized environments for many specific biochemical processes [1] .
The general molecular structure of glycerophospholipids consists of a glycerol backbone bound via ester linkages to two fatty acids and a phosphate moiety (Figure 1 ). There are several phospholipid classes that differ in the substituent, or headgroup, linked to the phosphate that provides characteristic physical and chemical properties. The phospholipid classes are known to distribute heterogeneously between cell types and even within individual cells suggesting that they have distinct biological roles. Studies of human erythrocyte membranes have shown that the outer leaflet contains predominantly phosphatidylcholine (PC) while the inner leaflet is enriched in phosphatidylethanolamines (PE) and phosphatidylserines (PS) [2] . In addition to their structural role in membranes, phospholipids are involved in a range of cell biochemistries including cell signalling and oxidative processes [1, 3] . For example, phosphatidylinisitol (PI) has been shown to be an important precursor for cell signalling molecules [4] .
Understanding the role of phospholipids in determining the physical and chemical properties of cells requires the ability to identify and quantify changes in phospholipid speciation between different cells, different organelles or even different domains within the same membrane, as is the case for the recent interest in lipid rafts [5, 6] .
[FIGURE 1]
Electrospray ionization mass spectrometry (ESI-MS) has emerged over the last ten years as the most efficient methodology for lipidomic analysis and has dramatically accelerated progress in the field [7] [8] [9] . Negative ion electrospray mass spectrometry, in particular, has been shown to be a powerful method for the detection of acidic phospholipids in complex lipid extracts. While absolute quantitation of these species continues to require laborious separation procedures, comparison of ESI-MS lipid profiles of crude lipid extracts is gaining popularity as a means to rapidly identify relative differences in phospholipid composition between samples [7, 10] . This methodology has been recently been dubbed "shotgun lipidomics" [9] . While such experiments are extremely useful in highlighting gross differences in lipid profiles their usefulness for quantitation can be limited by the differing ionization efficiencies of the phospholipid headgroups. For example, the signal observed for neutral phosphatidylethanolamines in the negative ion electrospray of a phospholipid extract are typically low compared to acidic phospholipids. The detection of PE is enhanced however, if the pH is increased: usually via the addition of lithium or ammonium hydroxide. As a consequence, this pH adjustment is now incorporated into some standard lipidomic analysis procedures such as that of Han and Gross [8, 9] . More subtle differences in ionization efficiency, however, have also been reported. Koivusalo et al. report the negative ion ESI-MS analysis of solutions containing a range of dipalmitoyl phospholipids present in equimolar concentrations [11] .
These spectra, carried out at different total phospholipid concentrations (6-60 µM total phospholipid), demonstrate differences in ion abundances between the different phospholipid classes. The typical order of anion abundances from these data is PG > PI > PA ≅ PS > PE ≅
[PC+Cl], although the relative abundances of PA and PE ions are dramatically altered by addition of ammonium hydroxide to give a revised abundance ranking of PA ≅ PG > PI > PS > PE > [PC+Cl] . These data clearly demonstrate the variable ionization efficiencies of the different phospholipid headgroups in negative ion ESI-MS. Furthermore, Zacarias et al. have demonstrated that these effects do not scale linearly with total sample concentration, thus increasing the complexity of phospholipid quantitation by direct ESI-MS analysis of crude extracts [12] . The observation of [M-H] anions in the ESI-MS spectra of phospholipids is the result of deprotonation of the acidic phosphate moiety. Deprotonation may occur either (i) in the solution phase prior to ionization as would be suggested by the charge residue model for electrospray ionization or (ii) during the transition from solution to the gas phase, more consistent with the ion evaporation ionization model [13] . The solution phase pK a values for the phospholipid headgroups suggest that all acidic phospholipids (i.e., excepting PE and PC) have a net charge of -1 at pH = 7 [14] . This suggests that solution phase acidity alone is insufficient to explain the observed differences in phospholipid ionization efficiencies in the electrospray process and other molecular properties such as surface activity and perhaps gas phase acidity may play a role.
The gas phase acidity of different phospholipid species, or conversely the gas phase basicity of the corresponding [M-H] anions, may also account for subtle differences observed in the fragmentation patterns of deprotonated phospholipids [15] [16] [17] [18] . For example, low energy collision induced dissociation of [PE-H] anions is known to proceed preferentially via loss of the fatty acyl chains as ketenes (R´CHCO) [16] , while in contrast [PI-H] anions fragment preferentially via loss of the whole fatty acid (R´CH 2 CO 2 H) [15] . This observation is due, at least in part, to the availability of more acidic protons on the inisitol compared with the ethanolamine headgroup, but may also be attributed to the difference in gas phase basicity between the two phosphate anions [16] .
The gas phase acidities of phospholipids, which may provide some rationale for the observed trends in their ionization efficiencies and fragmentation behaviors, are largely unknown. It might be assumed that the gas phase acidity of phospholipids are similar to phosphoric acid indicating that the dimer fragmentation was largely independent of collision energy and a collision energy of 30 eV was selected for all data presented here. ESI-MS and full scan ESI-MS/MS spectral data presented in this paper result from the average of at least 50 scans and zoom scan ESI-MS/MS spectra at least 300 scans. The data was baseline subtracted (40% background subtract with a first order polynomial) and smoothed (two mean smooths using a peak width of 0.7 Th) and the ion abundances were determined by integration of the peaks using the MassLynx software (Waters, Manchester UK).
Electronic Structure Methods
Structures were optimized using the Becke3LYP hybrid density functional method [20, 21] and the modest 6-31+G(d) basis set within the GAUSSIAN03 suite of programs [22] . 
Results and Discussion

Mass Spectrometry
Non-covalent interactions between phospholipids have previously been observed in the gas phase by Robinson and co-workers who detected micelle-like assemblies of up to one hundred phospholipids from nanospray of lipid solutions in aqueous ammonium acetate [24] . In the present study, however, the aim was to generate significant abundances of phospholipid dimers where the primary interaction between the bonding partners was the sharing of a proton between negatively Figure   2 is clearly greater than one, which is consistent with the preferential detection of PA observed in previous studies of phospholipid mixtures [11, 12] . The ion abundance ratios for the full range of phospholipid pairs examined by this method are listed in Table 1 . These data were obtained at lower cone and capillary voltages (40 V and 3 kV, respectively) to minimize source fragmentation and provide an order of ionization efficiency of PE < PS < PA < PG that is analogous to that previously observed [11, 12] . PI was not included in this comparison as it was obtained as a mixture resulting in complications in the ESI-MS spectrum.
[ Figure 3a and 3b]
[ Table 1 ]
Once formed in sufficient abundance, dimer anions were mass-selected and subjected to collision induced dissociation. Figure 3a according to the mechanism shown in Scheme 1. The formation of diphosphates in the gas phase has been observed previously [25] and was supported in these experiments by the ESI-MS/MS spectra of analogous source formed ions which showed characteristic H 2 P 2 O 6 and PO 3 fragments [26] . Loss of diacyl glycerol was also observed for other dimers containing PA (see Table 2 ), presumably because the relatively low steric hindrance of this headgroup facilitates the substitution reaction (cf. Scheme 1). In all cases however, such fragments are minor compared to simple dissociation of the dimer. characterized for the tandem mass spectra of deprotonated PA and PE anions [16, 17] . These secondary fragments constitute only 2% of the ion current in this spectrum, despite the fact that fragmentation of deprotonated phospholipids during collision induced dissociation is known to be facile [15] [16] [17] [18] . This suggests that the abundances of phospholipid anions in the tandem mass spectra of proton bound dimers are not significantly affected by secondary fragmentation. The full scan tandem mass spectra of all phospholipid dimers are listed in Table 2 . The major fragments in all spectra listed correspond to direct dissociation of the phospholipid dimers. Additional fragments in these spectra can, for the most part, be rationalized in terms of the minor primary and secondary processes discussed above. The surprising simplicity of the ESI-MS/MS data obtained for the proton bound phospholipid dimers, in particular the absence of major complicating spectral features, suggests that these data are amenable to analysis by the kinetic method. In order to provide an improved statistical analysis of the relative ion abundances of the phospholipid anions, ESI-MS/MS spectra were obtained using a narrow mass window (e.g., m/z 600-800) and were averaged over a greater number of scans (ca. 300). An example of such a zoom scan spectrum obtained for [PA(16:0,16:0)-H-PE(16:0,16:0)] is shown in Figure 3b and the ratio of integrated peak areas are presented in Table 3 of 4.5×10 -3 that independently confirms the ranking of PI as more acidic than PG (Table 3) .
Several proton bound dimers were also prepared between phospholipids with the same headgroups but with different fatty acids substituted on the glycerol backbone. The ions observed in the tandem mass spectra of these dimers are listed in Table 2 while the abundance ratio of the phospholipid fragment ions are given in Table 3 . These data show a measurable effect on the dimer fragmentation kinetics brought about by relatively small alterations to the fatty acid substituents. (Table 3 ). It seems unlikely that substitution of different fatty acids substantially alters the enthalpy of deprotonation for a phospholipid but rather results in a difference in entropy between the transition states for the two dissociation pathways (Scheme 3).
In other words, the different ion abundances observed are more likely the result of differences in entropy rather than enthalpy. The comparison of fatty acid substituents suggests that the use of PI(16:0,18:2) instead of PI(16:0,16:0), due to the unavailability of the latter, will effect the ion abundance ratios by at most 20-30%. This discrepancy in ion abundance ratios, does not alter the predicted order of gas phase acidities nor does it significantly impact on the kinetic method calculations discussed below.
The kinetic method
Since it was first proposed by Cooks and Kruger in 1977 [27] the applicability of the kinetic method to thermochemical analysis has been extensively discussed [28] [29] [30] [31] [32] [33] [34] [35] [36] . The kinetic method can be applied to the determination of gas phase acidities by examination of competitive dissociation of proton bound dimer anions. This is achieved by equating the ratio of the rate constants (k x /k y ) for the dissociation channels of the dimer, such as the phospholipid dimer shown in Scheme 3, with the ratio of the observed ion abundances (I x /I y ) in the tandem mass spectrum. From transition state theory, the natural log of this ratio is then related the difference in enthalpy, ΔH acid (PL x ) -ΔH acid (PL y ), and entropy, ΔΔS, between the competing dissociation channels, according to Equation 1, where R is the gas constant and T eff is the effective temperature.
Scheme 3.
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Implicit in this relationship is the assumption that the reverse activation barriers for the two dissociative channels are negligible (assumption 1), that is, there are no additional decomposition channels or isomeric forms of the activated cluster ion. In the standard kinetic method a second simplifying assumption is also made, namely that there is zero entropy difference between the competing dissociation channels, that is, ΔΔS = 0 (assumption 2). This assumption allows for the simplified expression in Equation 2 and can be cautiously applied when the components of the dimer are chemically similar [37] . Application of the standard kinetic method typically involves the dissociation of a range of dimers comprising the target compound and a series of reference acids chemically similar to the target. Plotting ln(I x /I y ) against the acidity of each reference acids -the socalled kinetic method plot -yields the deprotonation enthalpy of the target compound as the xintercept, while T eff can be derived from the slope. The meaning of effective temperature has been discussed extensively [33, 35] but it is now broadly accepted that T eff is a kinetic correlation parameter rather than a thermodynamic temperature [30] . Independent simulations by Ervin [33] and Drahos and Vékey [31] have shown a complicated dependence of T eff on both the nature of the dimer ion as well as instrumental parameters. The most critical molecular variables affecting T eff were found to be the association energy and number of degrees of freedom of the cluster ion, while instrumental parameters control the internal energy of the cluster ion and the measurable dissociation timescale.
In the present study suitable reference acids, which are sufficiently acidic and structurally similar to the target phospholipids, are not available. In the absence of such standards only a relative order of acidity could be determined by comparing the competitive dissociation of the phospholipid dimers (Table 3 ). This simplistic application of the kinetic method yields the acidity trend, PE < PA < PG < PS < PI, as previously discussed. In order to approximate the magnitude of the differences in deprotonation enthalpy an effective temperature of 600 ± 300 K was estimated.
This estimate was based on; (i) the significant association energies of anion clusters such as those , is only 17% and 15%, respectively [31] [32] [33] . As a result of this assumption however, in addition to the inherent uncertainty in the initial estimation, a 50% uncertainty has been included in the effective temperature as recommended by Armentrout [36] . Using an estimate T eff = 600 ± 300 K in Equation 2 along with the ion abundance data listed in Table 3 , an acidity ladder was generated (Figure 4 ).
[Figure 4]
Although several key assumptions have been made to produce the data shown in Figure 4 , implicit in the generation of Figure 4 . In an effort to further support these findings, as well as to provide a structural rationale for the experimental observations, electronic structure calculations were carried out.
Electronic Structure Calculations
Given the large size (> 40 heavy atoms) and the number of degrees of conformational freedom in phospholipid molecules a model study was devised where the diacylglycerol moiety was represented by a methyl group. This approach allowed for the relatively rapid optimization of numerous local minima for a particular phospholipid and its deprotonated conjugate base at the Becke3LYP/6-31+G(d) level of theory. The structures of neutral and anionic global minima located in this study are represented in Figure 5 and full structural details in the form of Cartesian coordinates are provided as appendices. Single point energy calculations using the expanded, Becke3LYP/6-311++G(d,p), were conducted for these structures and the results are presented in [19] the deprotonation enthalpy of the phospholipid classes were determined and the results are presented in Table 5 . PA is the simplest phospholipid class, with strong structural similarities to phosphoric acid.
The optimized structure of [PA-H] obtained in this study is consistent with that reported previously by Vigroux and co-workers [38] . The structure of [PA-H] - (Figure 5d ) was found to have an optimal OH…OP distance of 2.47 Å that is considerably shorter than both (i) comparable interactions in the corresponding neutral (OH…OP distance of 2.65 Å, Figure 5c ) and (ii) the sum of the van der Waals radii for hydrogen and oxygen (2.72 Å) [39] This structural feature of the anion suggests that hydrogen bonding plays a role in solvating the negative charge on phosphate.
Deprotonation of PA is calculated to require 1388 kJ mol -1 , and thus PA is predicted to be slightly less acidic than phosphoric acid. The small difference in acidity (ca. 5 kJ mol -1 ) can be rationalized (Figure 5f ), which may explain why the deprotonation enthalpy of PE is predicted to be about 2 kJ mol -1 greater than that of PA ( Table 5 ).
The gas phase acidity of PE with respect to PA is in excellent quantitative agreement with experiment.
The optimized structures for neutral and deprotonated PG demonstrate the importance of hydrogen bonding interactions between the glycerol headgroup and the phosphate moiety. The significant contraction of some of the hydrogen bonds in the structure of [PG-H] -, compared to PG (e.g., PO…H-O distances of 1.95 Å compared to 2.27 Å), suggests that these interactions play a greater role in stabilization of the anion than in the corresponding neutral (Figure 5g and h) .
Preferential stabilization of the deprotonated species is responsible for the substantial increase in gas phase acidity predicted for PG (ΔH acid [PG] = 1339 kJ mol -1 ) compared to PA and PE. This trend is analogous to the experimental observations described above, although the calculated difference in deprotonation enthalpy ΔΔH acid [PA -PG] = 49 kJ mol -1 (Table 5) is larger than the experimental value of 23 kJ mol -1 (Figure 4 ).
The lowest energy structure of PS (Figure 5i ) adopts a cyclic conformation to maximize the hydrogen bonding interaction between the non-bonding electron pair on nitrogen and the acidic phosphate proton: a structural motif similar to that observed previously for PE. The carboxylic acid moiety in the PS structure is also aligned to maximize stabilizing interactions with the amino hydrogens. Zwitterionic isomers of PS are also local minima on the potential energy surface but these structures were found to be higher in energy than the global minima by 36 kJ mol -1 (Table 4 ).
In the other phospholipid systems shown in Figure 5 , the optimized geometries of the model acid and conjugate base where found to be similar. In all cases, the change in conformation brought about by deprotonation amounts to minor reorientation of hydroxyl or amine moieties to stabilize the charged phosphate. In contrast, the lowest energy structure of [PS-H] differs substantially from the lowest energy structure of PS. The optimized structure of the anion adopts an alternative cyclic conformation to maximize the interaction between the carboxylic acid proton and one of the oxygen atoms of the charge bearing phosphate (Figure 5j ). This non-covalent interaction is optimized at a distance of just 1.56 Å that represents the most intimate hydrogen bond observed in any of the phospholipid structures in Figure 5 . Furthermore, the [PS-H] anion shown in Figure 5j is more stable than other local minima, including zwitterionic isomers, by more than 14 kJ mol -1 . The additional stabilization of the global minimum may explain why the deprotonation enthalpy of PS is calculated to be 15 kJ mol -1 lower than that of PG. This calculated spacing is in good agreement with the difference in deprotonation enthalpies derived from experiment (ΔΔH acid [PG -PS] = 13 kJ mol -1 ).
The optimized structures of PI and [PI-H] are shown in Figure 5k (Figure 5h ) which may explain why PI is calculated to be more acidic by about 10 kJ mol -1 ( Table 5 ). The trend of increasing gas phase acidity from PG to PI predicted by theory is consistent with experimental observations although the difference in deprotonation enthalpies was found experimentally to be much larger (ΔΔH acid [PG -PI] = 27 kJ mol -1 ). The calculated deprotonation enthalpy of PI is greater than that of PS, with a difference of just 5 kJ mol -1 , in contrast to the experimental data which suggests that PI is more acidic than PS by 14 kJ mol -1 .
Comparison of Experiment with Theory
Overall the experimental and theoretical determinations of the relative acidity ranking of the five phospholipid classes show a similar trend with the exception of the two most acidic headgroups. Given the size and molecular complexity of the systems examined experimentally and the comparative simplicity of the model systems studied computationally, the agreement in the acidity trends for all but the relative order of PS and PI is pleasing. Experiment and theory suggest that PE is slightly less acidic than PA, while both are significantly less acidic than PG. Both approaches find PI and PS to be more acidic than PG but differ in the relative ranking of PS and PI.
The agreement in the magnitude of the relative deprotonation enthalpies is excellent for PE and PA, with both experiment and theory placing these two species within 2 kJ mol -1 of each other. In contrast, theory suggests that PG is more acidic than PA by 49 kJ mol -1 , which is greater than the 23 kJ mol -1 derived from experiment. Experiment finds PS to be 13 kJ mol -1 more acidic than PG in good agreement with the 15 kJ mol -1 predicted by theory. In contrast, experiment finds PI to be some 27 kJ mol -1 more acidic than PG while theory predicts a difference of only 10 kJ mol -1 .
Significantly, this computational finding ranks PI as less acidic than PS in contrast to the direct experimental evidence from the dissociation of the [PS(16:0,16:0)-H-PI(16:0,18:2)] dimer, which shows a clear preference for [PI(16:0,18:2)] formation ( Table 3 ).
The discrepancies observed between experiment and theory may result from uncertainties been recommended as a means of testing these assumptions [29] [30] [31] . This requires the determination of a kinetic method plot for each target compound at a range of excitation energies:
usually by variation of the laboratory frame collision energy. In the absence of suitable reference compounds however, a rigorous validation of these assumptions could not be undertaken in the present study. Having said this, the internal consistency of overlapping measurements (see Figure   4 ) gives qualitative support to the validity of these assumptions in this case. (iii) The observation, in some instances, of fragmentation pathways in competition with direct dissociation of the dimer may imply reverse activation barriers for the primary process and thus a violation of assumption 1.
Alternative products were observed for some of the dimers containing PA and other dimers containing PS. These processes are, for the most part, minor and are notably not observed for the Given the number of possible sources of uncertainty discussed above, the overall agreement in the acidity trend between experiment and theory is encouraging. In light of the direct experimental comparison of PI with PS using the kinetic method we recommend an overall ranking of PE < PA << PG < PS < PI.
Implications for Ionization Efficiency
The relative gas phase acidities determined in this study show a trend towards increasing acidity of PE < PA << PG < PS < PI. These data do not match the trend in ionization efficiencies observed in this or previous studies which found PG to be the most readily ionisable species followed by PI > PA ≅ PS > PE [11] . This suggests that the gas phase acidity of phospholipids have little effect on the process of ion formation during the electrospray process and that other properties such as surface affinity may be more critical in determining the relative ionization efficiencies.
Mechanistic Implications for Phospholipid Fragmentation
Primary fragmentation at the sn-2-position of deprotonated phospholipid anions during collision induced dissociation has been rationalized in terms of two major processes labelled a 2 and b 2 in Scheme 5 [17] . The analogous mechanisms, a 1 and b 1 (not shown), describe the equivalent processes occurring at the sn- [15, 16] .
There are two possible effects through which the headgroup may influence the outcome of dissociation. (i) The availability of an acidic proton on the headgroup may be important for facile fragmentation via pathway a. In fact, Hsu and Turk have shown that the amine protons in PE do not participate in fragmentation via loss of the fatty acid and have thus postulated an alternative charge remote mechanism to account for the loss [16] . Such a change in mechanism may result in a 
Conclusions
Negative ion electrospray ionization of solutions containing equimolar quantities of two dipalmitoyl phospholipids with different headgroups generated a sequence of ionization efficiencies, PE < PS < PA < PG, analogous to that previously observed by Koivusalo et al. [11] . 
